Abstract-In this paper, a software supported DC voltage calibrator is presented, requiring a standard programmable signal generator, a digital voltmeter, and some free software components. After detailed analysis of the programmable signal generator applying an automated process, it is concluded that intrinsic precision is insufficient for the generator to be used as a voltage calibrator. Furthermore, offline calibration techniques as polynomial interpolation and lookup table compensation are ruled out due to the generator reference instability over temperature and time. As a solution, a closed loop method based upon a voltmeter and a control software thread is proposed. The method is verified experimentally.
I. INTRODUCTION
To verify measurement equipment, manufacturers and verification laboratories frequently use calibrators to provide reference value to be measured by the device under test. Sometimes, specialized calibrators are not available, and the users are faced with a task to improvise. Having these motives, a DC voltage calibrator using standard laboratory equipment, programmable signal generator Agilent 33220A [1] and a digital multimeter Agilent 34411A [2] is proposed in this paper. Both of the devices are equipped with a TCP/IP port, and are programmable using SCPI commands [3] . This feature provides us with an opportunity to control the instruments using VXI-11 protocol [4] , [5] , and to control the instruments using Python [6] programming language. Some of the packages from the Python Standard Library are used to support requested operations, primarily from the time module [7] to control time dependent processes and the thread module [8] to operate a software thread. From external libraries, to support array operations NumPy package [9] is used, as well as matplotlib [10] package to provide graphical presentation of the obtained results. This choice for the supporting software is made having in mind that Python programming language is widely spread, provides rapid prototyping, was already used to control instruments [11] , [12] , and the authors were already familiar with the language. Also, a very important issue is that all the supporting software components are free software. All of the components are integrated into a system using a network switch, and the system is shown in Fig. 1 . The system is run under Ubuntu 16.04 operating system.
The signal generator accepts DC voltage assignment in the range from −10 V to 10 V in steps of 1 mV. If the voltage assignment is perfectly accurate, the continuous voltage command should be approximated within 0.5 mV accuracy within the given voltage range. This would be our ultimate goal, to provide the DC voltage calibrator accurate to 0.5 mV.
To build the DC voltage calibrator, we intended to assign a DC voltage value to the generator. Verification of the generator proved that accuracy of the generator in reproducing the assigned DC voltage value is insufficient for required application. Open loop compensation might be a suitable solution, either applying polynomial interpolation, either applying a lookup table. However, both of the open loop methods require stability of the generated value to provide desired results. In the case the stability is insufficient, the only solution is to design a closed loop system, that would adjust the assigned value such that the generated value follows required voltage within specified accuracy, as verified by a voltmeter. Thus, the first task is to examine properties of the available generator, then to choose appropriate method to improve precision of the generated voltage, appropriate software should be developed next, and the whole system should be verified. All of these steps are covered in the paper.
II. ANALYSIS OF THE SIGNAL GENERATOR
The first step in the calibrator design is to evaluate the generator, to correlate the assigned DC voltage value to the 978-1-5090-2329-5/16/$31.00 c 2016 IEEE output voltage, and to check long-term stability of the output voltage value while the assigned value is kept constant.
The signal generator accepts assignment of DC voltage values in the range −10 V ≤ V assigned ≤ 10 V, in steps of ΔV assigned = 1 mV. Thus, the total of 20001 different values could be assigned. To check the generator, a Python program is written, which assigns the DC voltage value and reads the voltage at the generator output. Having automated measurement system, all of the 20001 data points could be verified. The result is presented in Fig. 2 , where the difference between the output voltage value and the assigned value ΔV g = V g − V assigned is plotted against the assigned voltage value. According to Fig. 2 , the error is within 40 mV limit, which is about two orders of magnitude worse than our goal. Around V assigned = −5 V and V assigned = 5 V, the generator exposes peculiar behavior, since the output range is automatically switched, which could be concluded by audible switching of relays. In trying to get the exact location where the switching occurs, we realized that there is another phenomenon: hysteresis. Thus, the measurements are repeated taking two directions: upward, from −10 V to +10 V, which is depicted in blue line in Fig. 2 , and downward, from +10 V to −10 V, which is depicted in Fig. 2 with red line. The discovery of the hysteresis significantly undermined our hopes that it would be possible to design an open loop calibrator system with desired accuracy. To investigate the hysteresis further, the difference between the error measured in the upward direction and the error measured in the downward direction is plotted in Fig. 3 , indicating that the difference is within 10 mV limit, which cannot be compensated using single interpolation, disregarding the voltage change direction. This effect is about an order of magnitude higher than the aimed accuracy, indicating that the open loop approach is not sufficient.
Another practical issue should be stressed here: the time required to collect the data included in Figs. 2 and 3. The system is fully automated, there is a program that runs in a loop, and operator time is minimal. However, to perform measurement with averaging over one power line cycle takes some time, but the most of the time is spent in waiting the system to reach the steady state after a new value of the voltage is assigned. Allowing 1 s for the system to settle down, which empirically turned out to be necessary to cover the mechanical transients around V assigned = ±5 V, to cover 40002 measurements takes about 7 hours.
To analyze the long term stability, six distinct values of the output voltage are chosen, −9 V, −7.5 V, −3.5 V, 3.5 V, 7.5 V, and 9 V. The values are chosen to cover voltages in all three of the intervals, −10 V ≤ V assigned ≤ −5 V, −5 V ≤ V assigned ≤ 5 V, and 5 V ≤ V assigned ≤ 10 V, each of the regions being covered with two values. The value is assigned, and the generator output is measured every second over 24 hours, to cover for daily temperature variations. Time instant t = 0 is assigned to the beginning of the measurement, which happened to be around 18:00 hours in all of the cases. This task cannot be completed without an automated system, and the program that controls the process is written in Python.
The results are shown in Figs. 4 to 9, indicating variations within 10 mV range. This corresponds to the range provided by the hysteresis analysis, thus if the precision required is within ±20 mV, offline system might be appropriate. However, without any compensation the error is within ±40 mV, thus offline compensation is expected to improve the results only by halving the error, which we considered insufficient. The decision is made to switch to a closed loop system. Since the long term measurements are performed to analyze stability of the reference, which is supposed to be predominantly affected by temperature variations, the daily temperature profile in the laboratory is measured using the same multimeter and RTD-2W temperature probe. The values are taken every second over 24 hours, resulting in 86400 data points, which were easily collected by the automated system. The resulting diagram is shown in Fig. 10 indicating temperature variations within 5
• C except for the two spikes when the temperature probe happened to be exposed to direct sunlight, resulting in temperature increase for about 7
• C.
III. CLOSED LOOP CALIBRATOR
The closed loop calibrator concept applies the signal generator as an actuator, while all the measurement and control functions are governed by the digital multimeter. Additional instrument, the multimeter, is needed to close the loop, but for our intended application of instrument verification this fact did not affect the method choice: precision measurement of the generator output voltage by a certified instrument is needed anyhow.
Essentially, the program that controls the system runs in a loop. The loop is initiated by assigning the generator with the desired output voltage. The voltage at the generator output is measured then, and the output voltage error is determined. In the case the output voltage error is greater than +0.5 mV, the value assigned to the generator is decreased for one quantum, 1 mV. In the case the output voltage error is lower than −0.5 mV, the value assigned to the generator is increased for one quantum. In the case the error is within −0.5 mV to +0.5 mV, with given resolution the generator cannot improve the output voltage, and no action is performed, except that steady state situation might be notified. Proposed algorithm provides the output voltage error within one half of the assigned value quantum in the case the function that relates the assigned generator voltage to the generator output voltage is monotonic. In the case of the signal generator used in the experiments, this condition was satisfied. In the opposite case, the algorithm would loop around the required output voltage value, providing the best output that could be achieved with the equipment provided.
IV. CLOSED LOOP OPERATION OF THE CALIBRATOR USING A SOFTWARE THREAD
The technique proposed in the previous section covers for preassigned value of the voltage that should be realized at the signal generator output. However, standard test and verification techniques require variation of the assigned value, and the loop that controls the signal generator using the digital multimeter should be embedded in the system, not visible by the user. It would be highly inconvenient to run a program with different input voltage value every time the calibrator output voltage should be modified. To overcome this problem, a software thread is implemented, using Python standard library [8] . Although the applied library is incomplete since it cannot safely kill abandoned threads [12] , it is applied since it suffices for the simple application required. The code is given in the Appendix, and it is convenient to analyze the code here, since the building blocks of the code presented in the Appendix are used in previously described programs to analyze the generator performance. After required libraries are imported, pylab, vxi11, thread, and time, the voltmeter and the generator are initialized, and functions used to control them, to read the voltage and to assign the generator output voltage are defined. The thread that controls the generator on the basis of measured output voltage is defined next, being the essential part of the control software. Described algorithm is implemented here, and an additional feature to change the voltage required by the user is implemented. The thread communicates with the main program using global variables. The main programs just initializes the thread and communicates with the user, asking for the new required output voltage value. When the user is done with the requirements, this is indicated with a nonfloat value for the assigned voltage, which kills the thread and resets the instruments. In this manner, the calibrator function is performed by the proposed system.
V. VERIFICATION OF THE CALIBRATOR
To verify the calibrator, special test program is designed, with the purpose to set 20001 values for the required voltage in the range from −10 V to +10 V, with the step of 1 mV, to allow the system to reach its steady state, and to measure the output voltage. The results are presented in Fig. 11 , indicating that the goal of 0.5 mV voltage error is met everywhere except at the beginning of the range, around −10 V, and close to the end of the range, around +10 V, since the generator could not reach these voltages in the environment it was in. The system is successfully applied in verifying analog input modules of programmable logic controllers.
VI. CONCLUSION
In this paper, a DC voltage calibrator system is proposed utilizing a general purpose programmable signal generator, a programmable multimeter, and a personal computer. The system is controlled by exclusive use of free software.
Initial aim of the system design was to control the output voltage of the signal generator within one half of the signal generator DC voltage resolution quantum. The signal generator error, defined as the difference between the generator output voltage and the assigned voltage value is measured first, at all of the available 20001 quantum states. The measurements could be easily performed by an automated system, but still requires significant time to perform, in the order of hours. It is shown that the generator exposes hysteresis, the error being different when the reference signal goes upwards and downwards. This was the first indication that the generator stability is not sufficient to build an open loop system. The output DC voltage stability is tested next. Measurements are performed for six assigned values of the output voltage, two values per each output region of the signal generator, and the measurements are performed over 24 hours, every second, containing 86400 data points per measurement. The output voltage error varied within about 10 mV, which was another indication that a closed loop system is needed to provide desired accuracy. The requirement for an external voltmeter to close the loop did not affect the method choce, since the intended application already required highly precise output voltage measurement.
The closed loop calibrator system is designed, and the control algorithm is presented. Implementation in Python programming language using a thread to control the signal generator is presented, and the source code is provided in the paper. The system is verified, and the output voltage error within about 0.5 mV is obtained, as desired. The system is successfully utilized to verify analog input modules of programmable logic controllers. 
